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Abstract. The overﬂow of dense water from the Nordic Seas
to the North Atlantic through Denmark Strait is an impor-
tant part of the global thermohaline circulation. The salin-
ity of the overﬂow plume has been measured by an array of
current meters across the continental slope off the coast of
Angmagssalik, southeast Greenland since September 1998.
During 2004 the salinity of the overﬂow plume changed dra-
matically; the entire width of the array (70km) freshened be-
tween January 2004 and July 2004, with a signiﬁcant neg-
ative salinity anomaly of about 0.06 in May. The event in
May represents a fresh anomaly of over 3 standard deviations
from the mean since recording began in 1998. The OCCAM
1/12◦ Ocean General Circulation Model not only reproduces
the 2004 freshening event (r =0.96, p <0.01), but also cor-
relates well with salinity observations over a previous 6 year
period (r =0.54, p<0.01), despite the inevitable limitations
of a z-coordinate model in representing the mixing processes
at and downstream of the Denmark Strait sill. Consequently
the physical processes causing the 2004 anomaly and prior
variability in salinity are investigated using the model out-
put. Our results reject the hypotheses that the anomaly is
caused by processes occurring between the overﬂow sill and
the moorings, or by an increase in upstream net freshwater
input. Instead, we show that the 2004 salinity anomaly is
caused by an increase in volume ﬂux of low salinity water,
with a potential density greater than 27.60kgm−3, ﬂowing
towards the Denmark Strait sill in the East Greenland Cur-
rent. This is caused by an increase in southward wind stress
upstream of the sill at around 75◦ N 20◦ W four and a half
months earlier, and an associated strengthening of the East
Greenland Current.
Correspondence to: K. J. Heywood
(k.heywood@uea.ac.uk)
1 Introduction
The overﬂow of cold, dense water from the Nordic Seas to
the Atlantic Ocean across the Greenland-Scotland Ridge is
an important component of the global thermohaline circula-
tion. The total overﬂow is about 6Sv (1Sv = 106 m3 s−1),
with roughly half of this passing through Denmark Strait,
and the other half passing east of Iceland mainly through the
Faroe Bank Channel (Dickson and Brown, 1994; Hansen and
Østerhus, 2000). Intense mixing immediately downstream of
the Denmark Strait overﬂow sill (Fig. 1) induces strong en-
trainment of ambient Atlantic waters into the overﬂow plume
(Voet and Quadfasel, 2010), that ﬂows southwards along the
Greenland continental slope into the deep North Atlantic as
Denmark Strait Overﬂow Water (DSOW). Here we use the
DSOW deﬁnition of Dickson et al. (2008) as water with a
potential density (σθ) greater than 27.85 (values of σθ will
be quoted without units here). This system of overﬂow and
entrainment is the main contributor to North Atlantic Deep
Water(NADW),thedeeplimboftheglobalthermohalinecir-
culation (Dickson and Brown, 1994). In addition to DSOW,
the surface waters of the East Greenland Current (EGC) also
ﬂow south through Denmark Strait, and Pickart et al. (2005)
identiﬁed a separate southward current formed from dense
water cascading over the East Greenland shelf edge south of
the sill, known as the East Greenland Spill Jet. The purpose
of this paper is to establish the cause of observed salinity
anomalies in DSOW.
The source of DSOW is still an open question, but the
EGC, and currents originating in the Iceland Sea (the North
Icelandic Jet), are widely recognised as the main path-
ways for different DSOW sources to reach the overﬂow sill
(Rudels et al., 2002; J´ onsson and Valdimarrson, 2004; K¨ ohl,
2010) (Fig. 1). Any changes to the proportion of each con-
stituent source water mass making up the total overﬂow just
north of the sill, or a modiﬁcation to the salinity character-
istics of those water masses, have the potential to impact
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Fig. 1. Map showing the Denmark Strait overflow sill (DS sill) and the Angmagssalik mooring 
array  (section  AB).  All  isobaths  are  in  metres.  DSOW  source  pathways:  EGC  (green),  North 
Icelandic Jet (red) (Jónsson and Valdimarsson, 2004). 
 
Fig. 1. Map showing the Denmark Strait overﬂow sill (DS sill) and
the Angmagssalik mooring array (Section AB). All isobaths are in
metres. DSOW source pathways: EGC (green), North Icelandic Jet
(red) (J´ onsson and Valdimarsson, 2004).
the salinity of the deep overﬂow. In addition, entrainment
downstream of the sill can modify properties of DSOW. A
long-term freshening trend and interannual fresh anomalies
at the overﬂow have previously been attributed to an increase
in freshwater input to the Nordic Seas from higher net pre-
cipitation, sea-ice melt and glacial run-off (Dickson et al.,
2002; Curry et al., 2003; Peterson et al., 2006). However,
most studies so far have implicated changes to the propor-
tions of each water mass comprising the overﬂow as the main
cause of observed salinity anomalies downstream of Den-
mark Strait, driven by changes in the local wind forcing.
Rudels et al. (2002) reported that in 1990 increased wind-
driven mixing resulted in a larger volume ﬂux from the Ice-
land Sea, causing fresher and colder DSOW. They argue that
it is the ﬁnal mixing just north of Denmark Strait that sets the
DSOW characteristics by changing the contributions from
the different water masses involved in the DSOW formation.
By comparing water masses derived from hydrographic ob-
servations upstream of Denmark Strait, Rudels et al. (2003)
show that on time scales from months to years, wind forc-
ing variability determines whether the DSOW originates pre-
dominantly from either the Iceland Sea or the EGC.
More recently, Holfort and Albrecht (2007) argued that
salinity anomalies in the overﬂow are driven by changes in
the local wind forcing, based upon signiﬁcant correlations
between DSOW salinity and the wind stress west and north
of Iceland. They speculated that stronger southward winds
could result in a greater volume of low salinity water ﬂowing
from the north towards Denmark Strait in the EGC, with a
lesser volume of higher salinity Recirculating Atlantic Water
(RAW) present immediately upstream of the sill.
Our study identiﬁes and assesses several possible mech-
anisms responsible for salinity anomalies in the overﬂow
plume downstream of the sill, and investigates the likely con-
tribution from each mechanism. Hypotheses are formulated
and tested using a combination of observational data, re-
analysis, and an eddy-resolving Ocean General Circulation
Model (OGCM). Section 2 provides an overview of the ob-
servational data used for this study and states the hypotheses
to be tested. Section 3 introduces the OGCM and demon-
strates its ability to represent the temporal variability of the
Denmark Strait overﬂow properties. Hypotheses are tested
in Sects. 4, 5 and 6 and the results discussed, and a summary
is given in Sect. 7.
2 Salinity time series at the Angmagssalik moorings
Since 1986 the Centre for Environment, Fisheries and Aqua-
culture Science (Cefas) in the UK, with colleagues in Ger-
many (University of Hamburg) and Finland (Finnish Institute
of Marine Research), have instrumented the core of the over-
ﬂow plume 500km south of Denmark Strait at Angmagssa-
lik, as part of various EU-funded projects including Vari-
ability of Exchanges in the Northern Seas (VEINS), Arctic-
Subarctic Ocean Fluxes (ASOF) and Thermohaline Over-
turning - at Risk? (THOR) (Dickson and Brown, 1994; Dick-
son et al., 2008). Typically, a “picket fence” array of 7 or 8
current meter moorings is deployed annually, normal to the
southeast Greenland Slope to intercept the descending over-
ﬂow plume (Fig. 1, Section AB). Initially, only current ve-
locity and temperature were monitored (Dickson and Brown,
1994), but from 1998 onwards, a variable number of SBE-
37 MicroCAT salinity sensors were also deployed across the
array (Table 1).
For this investigation, salinity time series from four moor-
ings F2, UK1, G1 and UK2 are analysed (Dickson et al.,
2008). These instruments are located at depths of 1760m,
1970m, 2180mand 2350mrespectively(Table1). Figure2a
shows a vertical section through the moorings, with σθ and
salinity obtained from CTD casts during the June 2009 RV
Maria S. Merian 12-1 cruise (Quadfasel, 2009). The salin-
ity and density are typical for the overﬂow 500km south of
the sill (Dickson and Brown, 1994). The bottom water mass,
forming the core of the overﬂow, is DSOW. Between a depth
of about 1500m and the 27.85 isopycnal lies Iceland Scot-
land Overﬂow Water (ISOW), which is the overﬂow water
entering the North Atlantic through the Faroe Bank Chan-
nel. This circulates round the Reykjanes Ridge (Fig. 1) into
the Irminger Basin, and usually has a σθ > 27.8 and salin-
ity between 34.91 and 34.93 (Fogelqvist et al., 2003). The
27.8 isopycnal separates ISOW from the overlying Labrador
Sea Water (LSW), formed by wintertime convection in the
Labrador Sea (Yashayaev, 2007) and Irminger Sea (Pickart
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Table 1. Locations, depths and deployment dates of moorings in Fig. 2.
Mooring Location Instrument Height above Water Deployment
depth (m) sea bed (m) depth (m) dates
F2 63.55◦ N 1760 20 1780 15 July 2003 to
36.50◦ W 27 July 2005
UK1 63.48◦ N 1970 20 1990 24 August 1998 to 19 August 1999
36.29◦ W 10 August 2000 to 01 July 2001
G1 63.37◦ N 2180 20 2200 10 August 2000 to
36.07◦ W 13 June 2002
UK2 63.27◦ N 2350 18 2368 15 July 2003 to
35.87◦ W 27 July 2005
et al., 2003). The upper limit of LSW occurs at a depth of
about 500m, where the 27.70 isopycnal separates the surface
and deep water masses (Holliday et al., 2007). The moor-
ings are positioned directly in the core of the dense overﬂow,
ideal for monitoring the temporal variability of DSOW salin-
ity (Fig. 2a). Salinity values have been calibrated against
CTD data obtained at the start and end of each mooring de-
ployment. No long-term drift was detected in any of the in-
struments. Data were binned into 1h means from the original
10min sampling rate, and tidal signals were removed using
the T TIDE MATLAB harmonic analysis toolbox (Pawlow-
icz et al., 2002) (Fig. 3).
Strong interannual and intra-annual variation is evident,
with fresh anomalies in the overﬂow core in the early months
of most years. Although the negative anomalies all appear
in the ﬁrst half of each year, they do not all occur during
the same months and are of signiﬁcantly varying amplitude.
Fourier analysis shows the seasonal cycle to be negligible
and therefore we have not removed a seasonal cycle from
the salinity time series. There is a temporary reduction in
salinity of around 0.04 between January 2004 and July 2004,
peaking at 0.06 in May 2004. The May 2004 event rep-
resents a change of around 3 standard deviations of hourly
values from the 1998 to 2005 mean of 34.87. This event
is identiﬁed with the same magnitude at three of the adja-
cent moorings spanning a distance of about 40km (Fig. 3),
so malfunction in a single instrument can be eliminated as
a cause. This also suggests that the 2004 fresh anomaly is
unlikely to have been caused by a lateral movement of the
DSOWplumecoreacrossthecontinentalslope, becauseeach
mooring would have measured a different value for salin-
ity if the plume changed position and encompassed more or
fewer of the moorings. In addition, there is no signiﬁcant
statistical relationship between salinity and velocity at UK1
(Fig. 4) (correlation coefﬁcients r =−0.11 for zonal veloc-
ity and r =−0.03 for meridional velocity). This reinforces
the evidence that the fresh anomaly was not caused by lateral
movementsintheDSOWcore, orbyavariationintheoverall
plume transport.
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Fig. 2. (a) Cross-section AB (see Fig. 1 for location) showing locations of moorings F2, UK1, G1 
and  UK2,  at  the  depths  at  which  salinity  measurements  were  obtained.  Contours  and  shading 
represent σθ and salinity respectively, obtained from CTD casts during the June 2009 MSM 12-1 
cruise.  Numbers  along  top  indicate  CTD  deployments.  (b)  Section  through  the  Angmagssalik 
moorings in OCCAM, showing the mean June salinity between 1994 and 2004. Contours indicate  630	 ﾠ
the 11-year mean of OCCAM σθ. (c) Section through the Angmagssalik moorings in OCCAM, 
showing the correlation coefficient between mooring UK1 salinity anomaly time series and the 
equivalent OCCAM salinity anomaly time series in each grid cell (p < 0.01). Contours indicate the 
11-year mean of OCCAM current velocity (cm s
-1) normal to section AB (positive values indicate 
southwestward flow). Grey indicates no statistically significant correlation.  635	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Fig. 2. (a) Cross-section AB (see Fig. 1 for location) showing lo-
cations of moorings F2, UK1, G1 and UK2, at the depths at which
salinity measurements were obtained. Contours and shading repre-
sent σθ and salinity respectively, obtained from CTD casts during
the June 2009 MSM 12-1 cruise. Numbers along top indicate CTD
deployments. (b) Section through the Angmagssalik moorings in
OCCAM, showing the mean June salinity between 1994 and 2004.
Contours indicate the 11-year mean of OCCAM σθ. (c) Section
through the Angmagssalik moorings in OCCAM, showing the cor-
relation coefﬁcient between mooring UK1 salinity anomaly time
series and the equivalent OCCAM salinity anomaly time series in
each grid cell (p < 0.01). Contours indicate the 11-year mean of
OCCAM current velocity (cms−1) normal to section AB (positive
values indicate southwestward ﬂow). Grey indicates no statistically
signiﬁcant correlation.
The salinity time series (Fig. 3) also displays high, but not
dominant, variability over periods of 4 to 10 days. Dickson
and Brown (1994) analysed current and temperature records
at the Angmagssalik array, and found similar, though dom-
inating, variability on timescales of 1 to 12 days. This is
caused by mesoscale eddies passing through the moorings.
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Fig. 3. Salinity time series from the Angmagssalik array Sea-Bird MicroCATs (Dickson et al., 
2008). Data have been binned into 1-hour means from the original 10-minute sampling rate. Solid 
blue line represents the mean of the time series, and dotted blue lines represent plus and minus 1  640	 ﾠ
standard deviation. Tidal signals have been removed.	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Fig. 3. Salinity time series from the Angmagssalik array Sea-Bird
MicroCATs (Dickson et al., 2008). Data have been binned into 1h
means from the original 10min sampling rate. Solid blue line rep-
resents the mean of the time series, and dotted blue lines represent
plus and minus 1 standard deviation. Tidal signals have been re-
moved.
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Fig. 4 .  Scatterplot  of  UK1  current  meter  velocity  eastward  (u)  and  northward  (v)  components  645	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coloured by UK1 salinity for the period August 1998 to December 2004. Data have been binned 
into 5-day means and tidal signals have been removed. 	 ﾠ
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Fig. 4. Scatterplot of UK1 current meter velocity eastward (u) and
northward (v) components coloured by UK1 salinity for the period
August 1998 to December 2004. Data have been binned into 5-day
means and tidal signals have been removed.
To remove these from the salinity time series, a ﬁrst order
low-pass Butterworth ﬁlter with a cut-off period of 30 days
was applied. To produce a continuous salinity time series
between August 2000 and July 2005, G1 salinity data were
used to ﬁll the gap in the UK1 time series between July 2001
and June 2002 (Fig. 3). UK1 and G1 are adjacent in the array,
and display almost identical values of salinity (Fig. 3). The
correlationcoefﬁcientbetweenthetwoﬁlteredtimeseriesfor
August 2000 to July 2001 is 0.91 (p <0.01), so we can be
conﬁdent that G1 and UK1 are monitoring the same ﬂow.
Based on the current understanding of how the source of
the overﬂow originates upstream of the sill, and the nature of
its descent towards the North Atlantic (Dickson and Brown,
1994; Rudels et al., 2002), we formulate three hypotheses
(H1, H2 and H3) to explain the cause of the 2004 negative
salinity anomaly at Angmagssalik. H2 is broken down into
ﬁve sub-hypotheses (H2a, H2b, H2c, H2d and H2e).
– H1 the2004anomalyresultedfromprocessesoccurring
between the overﬂow sill and the moorings associated
with anomalous mixing or water mass pathways.
– H2 the 2004 anomaly was caused by a change in salin-
ity of the source waters feeding the overﬂow at the sill.
– H2a the 2004 anomaly originated from glacial ice melt
anomalies upstream of the sill.
– H2b the 2004 anomaly originated from precipitation
anomalies upstream of the sill.
– H2c the 2004 anomaly originated from sea-ice melt
anomalies upstream of the sill.
– H2d the 2004 anomaly was caused by a change in the
salinityofthesourcewatersoriginatingfromtheinﬂow-
ing Atlantic Water (AW) to the Nordic Seas
– H2e the 2004 anomaly was caused by a change in
the salinity of the source waters originating from water
ﬂowing southwards in the EGC from the Arctic
– H3 the 2004 anomaly was caused by changes in the
proportion of different source waters feeding the over-
ﬂow.
Hypotheses H1 and H2 will be tested using the output from
an OGCM, and H3 using the reanalysis data that force the
model as well as the model output.
3 The Ocean Circulation and Climate Advanced
Modelling (OCCAM) model
The OGCM selected is the Ocean Circulation and Cli-
mate Advanced Modelling (OCCAM) project model. The
OCCAM model (run by the National Oceanography Cen-
tre, Southampton) is a high resolution, primitive equation
OGCM, covering a global domain from the Southern Ocean
at 78.5◦ S to 90◦ N. It has a 1/12◦ horizontal resolution,
and 66 vertical layers of progressively increasing thickness
from 5 m near the surface to 200m in the deep ocean
(http://www.noc.soton.ac.uk/JRD/OCCAM; Coward and de
Cuevas, 2005). The model has a rotated grid over the North
Atlantic, and is forced with 6h zonal and meridional 10m
windstressfromtheNationalCentresforEnvironmentalPre-
diction (NCEP) global reanalysis (Kalnay et al., 1996). It
also incorporates a free surface, partial bottom cell scheme
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and sea-ice model. Its ability to represent boundary currents,
frontal systems and eddy ﬁelds, combined with an accurate
representationofsmallscaletopographicfeaturesandsea-ice
behaviour, makes it a suitable tool to examine the dynami-
cal processes occurring upstream of Denmark Strait. Mix-
ing in the model consists of (a) vertical diffusion, constant
below the mixed layer (10−5 m2 s−1) and dependent on the
available energy in the mixed layer, and (b) implicit hori-
zontal mixing resulting from the advection scheme, that in-
creases with horizontal velocity. There is no explicit mixing
along isopycnals or horizontally. Hence the numerical mix-
ing smoothes tracer structure at the grid scale, and the re-
solved eddies mix at larger length scales. There is also con-
vection where the water column becomes statically unstable,
completely mixing any unstable part of the water column.
The layered depth structure can limit the ability of OCCAM
to correctly reproduce vertical mixing, which may result in
an unrealistic representation of the overﬂow plume as it de-
scends from the sill to the moorings (Saunders et al., 2008).
However, processes upstream of the sill that predominantly
determine DSOW properties mainly occur in the highly re-
solved top 600m of the water column, so this limitation of
OCCAM should not signiﬁcantly reduce its suitability for
use in this study that focuses on processes upstream of Den-
mark Strait. Five-day means from OCCAM run 401 were
obtained for the period January 1988 to December 2004.
Some long-term drift is present in temperature and salinity
during model spin-up between 1988 and 1993, but is negli-
gible thereafter.
We are not expecting the model to represent accurately the
details of the overﬂow downstream of the Denmark Strait
sill, where large vertical gradients in tracer properties and
velocity, combined with steep bathymetry, lead to strong lo-
calised mixing and entrainment, which the model cannot ac-
curately reproduce. However the processes that occur in the
ocean upstream of the sill should be represented reasonably
by the model. Therefore we use OCCAM as a tool to ex-
amine the potential mechanisms originating upstream of the
sill that may drive the variability of the observed salinity at
Angmagssalik.
We now examine the structure of the overﬂow at the moor-
ings in OCCAM. The mean June OCCAM salinity and den-
sity between 1994 and 2004 across a section equivalent to the
location of the Angmagssalik array (Fig. 2b) show a broadly
similar structure to the observations (Fig. 2a), but with sig-
niﬁcant differences related to the overﬂow plume. In the ob-
servations the freshest water is associated with the overﬂow
plume in the region of the mooring array (Fig. 2a), whereas
in OCCAM the core of the overﬂow plume is located closer
tothecontinentalshelfatashallowerdepth, andhasaweaker
salinity minimum of ∼35.1 (Fig. 2b). This conﬁrms that the
Denmark Strait overﬂow plume, as represented by the model,
differssigniﬁcantlyfromthatobserved. Themodelhasacore
of high velocity water originating from the Denmark Strait
sill (Fig. 2c), but it is too buoyant due to excessive mixing
and entrainment, and consequently is too high in the water
column. This is due to the imperfect ability of the model to
accurately represent vertical mixing processes, which occur
as the plume makes its rapid descent from the sill. The model
is unlikely to represent entrainment well, as vertical mixing
is not stratiﬁcation-dependent, and the vertical resolution is
insufﬁcient to resolve the overﬂow plume.
The mean OCCAM velocity perpendicular to the
Angmagssalik section (Fig. 2c) clearly identiﬁes the high ve-
locity core of the overﬂow, with a maximum mean velocity
ofabout30cms−1 inthecentreofthecore, reducingtoabout
5cms−1 at the outer edge of the overﬂow. The overﬂow core
extends from a depth of 500m to 1500m, with a width of
about 35km, tightly hugging the East Greenland continental
slope. Its location is bounded by the 27.6 and 27.7 isopy-
cnals (Fig. 2b). Passive tracer releases in OCCAM showed
that this plume is fed from denser water than the fresh current
on the shelf, separated from the EGC core in the region of
the sill. With respect to velocity, the OCCAM overﬂow is in
good agreement with data obtained from the Angmagssalik
moorings, that range from around 20 to 40cms−1 (Dickson
and Brown, 1994). The volume ﬂux of the dense overﬂow
in OCCAM from August 1998 to December 2004, calcu-
lated by integrating the net transport for σθ >27.6 from the
Greenland continental slope to 150km from point A (Fig. 2),
is greater than that observed at Angmagssalik for the core of
the Denmark Strait overﬂow plume (Fig. 5c) but at the lower
end of the range of previous estimates for the total transport
of the overﬂow in the area (Dickson and Brown, 1994). The
mean observed transport in the core of the overﬂow, calcu-
lated by integrating the ﬂuxes measured by current meters
UK1, UK2 and G1 for σθ >27.85, was 2.2Sv with a stan-
dard deviation of 0.3Sv (Fig. 5c, see also Fig. 19.7 of Dick-
son et al., 2008). The transport calculated for the full moor-
ing array of 6 current meters (F1, F2, UK1, UK2, G1, G2)
for σθ >27.85 yielded a mean ﬂux of 4.0Sv with a standard
deviation of 0.36Sv (Fig. 5c, see also Fig. 19.7 of Dickson
et al., 2008). For OCCAM, the transport of water denser
than 27.6 was 6.0Sv with a standard deviation of 0.83Sv
(Fig. 5c). Dickson and Brown (1994) calculated a volume
ﬂux for σθ > 27.8 of 10.7Sv at Angmagssalik and 5.2Sv
just 160km closer to the sill, showing that volume ﬂuxes are
highly variable spatially. Direct comparisons between the
observed and modelled volume transports are compromised
by the undeﬁned boundaries and differing structure of the
plumes, but we conclude that, given the differing mixing and
entrainment regime, OCCAM represents the transport of the
overﬂow at Angmagssalik to a reasonable degree of accuracy
both in terms of magnitude and variability.
We now show that despite the model’s limitations in
the spatial representation of the overﬂow plume’s location,
the observed salinity anomaly in 2004 also occurs in the
OCCAM model. We ﬁrst examine the temporal variability
of the salinity in the overﬂow as represented in OCCAM.
We conduct zero time-lagged regression analysis between
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Fig. 5. (a) UK 1 (blue) and OCCAM (red) salinity anomaly time series. OCCAM time series taken 
from location marked ‘X’ in Fig. 2c. For the whole time series, the correlation coefficient r = 0.54; 
for 2004 only, r = 0.96 (p < 0.01). (b) UK 1 (blue) and OCCAM (red) salinity anomaly time series. 
OCCAM time series taken from location marked ‘+’ in Fig. 6. The maximum value of r = 0.67 (p < 
0.01)  occurs  for  a  time  lag  of  6  weeks.  UK  1  time  series  is  multiplied  by  10  to  allow  direct  655	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comparison of both time series. (c) Volume flux of the observed complete mooring array (F1, F2, 
UK1, UK2, G1, G2) and core mooring array (UK1, UK2, G1) for σθ > 27.85 (solid blue and dashed 
blue  line  respectively)  (from  Fig.  19.7  of  Dickson  et  al.,  2008).  Red  line  represents  OCCAM 
volume flux calculated by integrating net transport for σθ > 27.6 between the Greenland continental 
slope and 150 km from point A (Fig. 2b). (d) NCAR meridional wind stress anomaly at the grid cell  660	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of highest correlation (r = 0.53, p < 0.01) at 75°N 20°W in Fig. 10a. A time lag of 4.5 months has 
been applied to the time series. Seasonal cycle has been removed. For each calendar month, the 
three maximum (red) and minimum (cyan) wind stress anomalies over the 6 year period are used to 
composite salinity, velocity and sea surface height. 
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Fig. 5. (a) UK1 (blue) and OCCAM (red) salinity anomaly time
series. OCCAM time series taken from location marked “X” in
Fig. 2c. For the whole time series, the correlation coefﬁcient
r =0.54; for 2004 only, r =0.96 (p <0.01). (b) UK1 (blue) and
OCCAM (red) salinity anomaly time series. OCCAM time series
taken from location marked “+” in Fig. 6. The maximum value of
r = 0.67 (p < 0.01) occurs for a time lag of 6 weeks. UK1 time
series is multiplied by 10 to allow direct comparison of both time
series. (c) Volume ﬂux of the observed complete mooring array (F1,
F2, UK1, UK2, G1, G2) and core mooring array (UK1, UK2, G1)
for σθ > 27.85 (solid blue and dashed blue line respectively) (from
Fig. 19.7 of Dickson et al., 2008). Red line represents OCCAM
volume ﬂux calculated by integrating net transport for σθ > 27.6
between the Greenland continental slope and 150km from point A
(Fig. 2b). (d) NCAR meridional wind stress anomaly at the grid
cell of highest correlation (r =0.53, p <0.01) at 75◦ N 20◦ W in
Fig. 10a. A time lag of 4.5 months has been applied to the time
series. Seasonal cycle has been removed. For each calendar month,
the three maximum (red) and minimum (cyan) wind stress anoma-
lies over the 6 year period are used to composite salinity, velocity
and sea surface height.
UK1 salinity anomaly time series, and OCCAM salinity
anomaly time series in each grid cell across the same sec-
tion (Fig. 2c). To maintain consistency between both time
series, the UK1 data were binned into 5-day means and the
time series truncated to 31 December 2004, and a ﬁrst order
low-pass Butterworth ﬁlter with a cut-off period of 30 days
was applied to the OCCAM data.
A region of coherent, high correlation exists between UK1
mooring salinity and OCCAM salinity, corresponding almost
exactly with the region of highest velocity (Fig. 2c). At
the position marked “X” on Fig. 2c, the correlation coef-
ﬁcient for the whole time series was 0.54 (p < 0.01), and
increased to 0.96 (p <0.01) for 2004 only (Fig. 5a), imply-
ing that this region in OCCAM is responding to the same
dynamical process inﬂuencing the overﬂow salinity as the
ocean. This makes it a suitable tool for investigating the
underlying mechanisms responsible for salinity variability
at Angmagssalik. We note that the time series are also
highly correlated when 2004 is excluded, so these mecha-
nisms should be applicable generally. Nonetheless we shall
focus primarily here on possible mechanisms causing the
2004 anomaly.
4 Testing of hypothesis H1 – the 2004 anomaly resulted
from processes occurring between the overﬂow sill
and the moorings associated with anomalous mixing
or water mass pathways
IfitcanbedemonstratedthatOCCAMidentiﬁestheanomaly
at the overﬂow sill, on the correct density layer, and with a
time-lag equivalent to the transit time for this water to travel
between the sill and the moorings, this would strongly sug-
gest that processes upstream of the sill are responsible for
causing the anomaly at the moorings. It would also signify
that it is unlikely to be mechanisms occurring between the
sill and the moorings, such as entrainment and mixing with
ISOW and LSW that are producing the anomaly. Hence in
that case the anomaly must form upstream of the sill, and
advect from the sill to the moorings in the dense overﬂow,
meaning that hypothesis H1 can be rejected.
A time-lagged regression analysis was performed between
the UK1 salinity anomaly time series and OCCAM salin-
ity anomaly time series in each grid cell across a section
through the sill. Figure 6 clearly shows a region of coherent,
high correlation between time series of UK1 mooring salin-
ity anomaly and OCCAM salinity anomaly, between depths
of about 150m to 350m, and 60km to 180km from the
Greenlandcoast. Thehighestcorrelationcoefﬁcientwas0.67
(p<0.01) (marked “+” on Fig. 6), and occurred at a time lag
of 6 weeks (Fig. 5b). Its location just beneath the 27.6 isopy-
cnal corresponds closely with the value of 27.65 obtained for
the density of the core of the overﬂow in OCCAM (Fig. 2b).
This implies that water at the sill, at the location marked “+”
on Fig. 6, is probably the same water causing the anomaly at
the moorings.
In addition to 2004, Fig. 5a and b show that strong nega-
tive anomalies are measured by UK1 during 1999 and 2002.
The 1999 event is similar in magnitude to the 2004 anomaly,
but shorter in duration, extending between March and June.
The negative anomalies in 1999 and 2002 are also present in
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Fig. 6. Section through the overﬂow sill in OCCAM, showing the
correlation coefﬁcient between mooring UK1 salinity anomaly time
series and the equivalent OCCAM salinity anomaly time series in
each grid cell (p < 0.01). Contours indicate the 11-year mean of
OCCAM potential density. Grey indicates no statistically signiﬁ-
cant correlation.
OCCAM at the sill and, less convincingly, in OCCAM at the
moorings. In 2001 and 2003 only very weak negative anoma-
lies are present at UK1. Weak anomalies are present in OC-
CAM at the sill for both 2001 and 2003, and in OCCAM at
the moorings for 2001. This suggests that the mechanism re-
sponsible for the 2004 negative salinity anomaly is probably
always occurring throughout the time series, but other pro-
cesses may dominate in different years. The UK1 time series
correlates most highly with the OCCAM time series during
2004 both at the sill (r =0.90, p <0.01, lag = 6 weeks) and
the moorings (r =0.96, p <0.01, lag = 0 weeks), and one
could argue that this may skew the correlation coefﬁcients of
0.67 and 0.54 obtained for the whole time series (Fig. 5a and
b). This may indicate that any proposed mechanism for caus-
ing salinity anomalies at the moorings only pertains to 2004.
However, regression analysis between UK1 salinity anomaly
time series and OCCAM salinity anomaly time series at the
sill and the moorings for 1999 to 2003 produced correlation
coefﬁcients of 0.65 (p < 0.01) and 0.26 (p < 0.01) respec-
tively. This suggests that OCCAM is realistically represent-
ing the processes driving salinity anomalies upstream of the
sill in all years, but that imperfect representation of mixing
downstream of the sill in OCCAM results in the anomalies
at the moorings in OCCAM being less clear for years other
than 2004.
Although both time series in Fig. 5b display similar tem-
poral variability, the amplitude of the anomalies at the sill
in OCCAM is around 10 times that of mooring UK1. This
could indicate that mixing and entrainment with surround-
ing water masses, that occur as the overﬂow plume descends
the slope, dilute the anomaly to one tenth of its amplitude at
the sill by the time it reaches the moorings. To test this, a
passive tracer experiment was performed “off-line” using the
OCCAM velocity and density ﬁelds to force the advection
and diffusion equations for the tracer. The tracer was ini-
tialised at the sill in OCCAM, at grid cells within the density
range 27.6<σθ <27.8, to correspond with the density of the
water at location “+” in Fig. 6. A continuous release was
used to permit the concentration of tracer downstream of the
sill to stabilise over time, rather than be quickly ﬂushed out
of the system. The tracer was released continuously from 12
December 2003, to allow enough time for the concentration
of tracer at the moorings to stabilise before the arrival of the
anomaly in May 2004.
Figure 7 shows a time series of tracer concentration taken
from the grid cell representing the core of the overﬂow in
OCCAM at the moorings (marked “X” in Fig. 2c). The tracer
arrives at the moorings around 6 weeks after its release at the
sill, signifying that the transit time from the sill to the moor-
ings is the same as the time-lag obtained for the correlation
analysis. Followingitsarrivalatthemoorings, thetracercon-
centration is around 10–15% (Fig. 7). Thus water originat-
ing from the 27.6 to 27.8 density range at the sill comprises
10% to 15% of the water at the moorings. The 0.6 nega-
tive salinity anomaly present in this water at the sill in April
2004 (Fig. 5b) has most likely been diluted down to 0.06 at
the moorings (Fig. 5a), by mixing with ambient downstream
water masses of a higher salinity, in an approximate 9:1 ratio.
In the real ocean, this ratio is likely to be lower (∼6:1) based
on the higher volume ﬂux found at the moorings in OCCAM
than observed (Fig. 5c). Based on the presence of the nega-
tive salinity anomaly in OCCAM at the sill, and the results of
this passive tracer experiment, we argue that hypothesis H1
can be rejected.
5 Testing of hypothesis H2 – the 2004 anomaly was
caused by a change in salinity of the source waters
feeding the overﬂow at the sill
The 2004 negative salinity anomaly is present in OCCAM
at the sill, and in the OCCAM plume at the latitude of the
moorings. The temporal variability of glacial ice-melt is not
present in OCCAM, therefore an increase in glacial ice-melt
cannot cause the 2004 anomaly. Furthermore, records of ob-
served rates of Greenland ice melt do not show any anoma-
lies that could explain the 2004 event (Van den Broeke et al.,
2009; Velicogna, 2009). Therefore hypothesis H2a can be
rejected.
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Fig. 7. Time series of passive tracer concentration at the OCCAM
location of the overﬂow at the moorings, taken from grid cell at
location marked “X” in Fig. 2c. Passive tracer was initialised at the
sill on grid cells with 27.6<σθ <27.8, on 12 December 2003, and
continuously released until 31 December 2004. This water mass
constitutes around 10–15% of the water present at location “X”.
If precipitation or sea-ice melt anomalies were responsible
for causing the 2004 negative salinity anomaly at the moor-
ings, a time-lagged negative correlation would be expected
between the OCCAM salinity anomaly time series at the sill,
and time series of precipitation, or sea-ice melt anomalies
upstream of the sill. An increased surface freshwater ﬂux
could reduce the salinity of thesurface mixed layer, andthese
surface salinity anomalies could then propagate into the in-
termediate waters (150m to 600m) of the source regions,
through wind-driven vertical turbulent diffusion at the base
of the mixed layer, or deep winter convection. These anoma-
lies might then be advected to the sill in the EGC, or the
current originating in the Iceland Sea. So, a high upstream
surface freshwater ﬂux could result in a low salinity at the
sill sometime later, indicated by a time-lagged negative cor-
relation.
The only region of signiﬁcant negative correlation be-
tween precipitation and OCCAM salinity is at Fram Strait
(Fig. 8), with a time lag of 7 years. This suggests that neg-
ative salinity anomalies at the sill could be caused by in-
creased precipitation in Fram Strait. However, passive tracer
initialised at the surface in Fram Strait takes only about 2 1/2
years to mix with the intermediate layers of the EGC, and
travel to the moorings (Fig. 9). Hence, the 7-year time lag
is too long for this mechanism to be responsible for caus-
ing the 2004 anomaly, indicating that the negative correla-
tion is probably due to chance. Rejection of hypothesis H2b
is unsurprising, when one considers the freshwater ﬂux re-
quired to cause the 2004 negative salinity anomaly at the
moorings. Freshwater ﬂuxes in the Arctic and Nordic Seas
can be calculated according to a reference salinity of 35.2,
which represents the salinity of inﬂowing AW to the Arctic
Mediterranean (Dickson et al., 2007). Freshwater ﬂux can
then be calculated from the following equation:
Fw = V ×

1−
S
Sref

(1)
Assuming the volume ﬂux of the dense overﬂow to be 3Sv
(Dickson and Brown, 1994), and given that the UK1 salin-
ity time series shows an average reduction in salinity from
a long term mean of 34.87 to 34.84 between January 2004
and July 2004 (Fig. 3), then an increased freshwater ﬂux at
the moorings of around 3mSv for this 6 month period would
be needed to cause the anomaly. The net precipitation mi-
nus evaporation (P–E) over the whole of the Nordic Seas is
only around 25 mSv (Aagaard and Carmack, 1989), and the
region of strong negative correlation in Fig. 8 occupies only
around 2% of the surface area of the Nordic Seas. Therefore,
only about 0.5mSv enters this region as a result of P–E, and
this would have to increase by a factor of 6, for 6 months,
to provide enough freshwater to cause the anomaly. More-
over, the duration of the peak in tracer concentration at the
moorings is around 1.5 years (Fig. 9), whereas the duration
of the observed 2004 negative salinity anomaly is only about
6 months. This means that even in the unlikely event of an
extremely high P–E input occurring capable of causing the
anomaly at the moorings, the duration of its passage through
the array would be too long to cause the anomaly shown in
Fig. 3. Therefore hypothesis H2b is rejected on this ground
as well as the unrealistic time lag, and unfeasibly high P–E
requirement.
The correlation analysis between the OCCAM salinity
anomaly time series at the sill and OCCAM sea-ice melt
anomaly time series produced no regions of statistically sig-
niﬁcant correlation at any time lag, indicating that increased
sea-ice melt is probably not responsible for causing the 2004
anomaly. Around 80mSv of sea-ice enters the Nordic Seas
from the Arctic through Fram Strait (Dickson et al., 2007),
and about 80% of this melts during transit in the EGC to
Denmark Strait (Aagaard and Carmack, 1989), giving a liq-
uidfreshwater inputofaround 64mSv. Therefore, onlya5%
increaseinsea-icemeltfora6monthperiodwould, inprinci-
ple, provideenoughfreshwatertoformthe2004anomaly. So
does our negative result eliminate this as a possibility, con-
sidering the relatively modest requirement of a 5% increase?
During the time preceding the 2004 anomaly, no outstanding
increase in OCCAM sea-ice melt occurred over a time period
of one to several months. Even if a sufﬁcient increase in sea-
ice melt had occurred to cause the anomaly at the moorings,
this freshwater would have probably remained at the surface,
because of its low density, and ﬂowed out through Denmark
Strait in the surface waters of the EGC. So, this negative re-
sult can likely be accepted with a reasonable degree of conﬁ-
dence and consequently hypothesis H2c is rejected.
To test hypotheses H2d and H2e, 11 year (1994 to 2004)
time series of areally-weighted salinity of inﬂowing AW to
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Fig.8. Mapofthetime-laggedcorrelationcoefﬁcientbetweenan11
year time series (1994 to 2004) of the OCCAM sill salinity anomaly
time series shown in Fig. 5b, and a 1994 to 2004 time series of
CMAP 5 day mean precipitation (extracted from OCCAM) (p <
0.01). Time lag is 7 years. Grey indicates no statistically signiﬁcant
correlation. Boxed area indicates region of passive tracer release.
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moorings, taken from the grid cell at location marked ‘X’ in Fig. 2c. Passive tracer was initialised at 
the surface in January 1997, and instantaneously released across the boxed region in Fig. 8. 
 
Fig. 9. Time series of passive tracer concentration at the OCCAM
location of the overﬂow at the moorings, taken from the grid cell
at location marked “X” in Fig. 2c. Passive tracer was initialised at
the surface in January 1997, and instantaneously released across the
boxed region in Fig. 8.
the Nordic Seas across the Greenland-Scotland Ridge and
of southward ﬂowing EGC water through Fram Strait were
extracted from OCCAM. AW was speciﬁed as northward
ﬂowing water with a potential temperature greater that 5 ◦C.
EGC water was deﬁned as southward ﬂowing water with
σθ > 27.6 situated between the surface and the depth of
the Denmark Strait sill. This density range represents the
EGC component of DSOW at the sill. No negative salin-
ity anomalies large enough to have caused the 2004 anomaly
were present at any time in either time series. Therefore, we
argue that hypotheses H2d and H2e can both be rejected.
6 Testing of hypothesis H3 – the 2004 anomaly was
caused by changes in the proportion of different
source waters feeding the overﬂow
Given that changes in the proportion of different source wa-
ters feeding the overﬂow have previously been attributed to
wind forcing variability (Holfort and Albrecht, 2007; Rudels
et al., 2002, 2003), we now see whether a statistical rela-
tionship exists between mooring UK1 salinity data and the
regional wind stress ﬁelds. A time-lagged regression anal-
ysis was performed between the UK1 salinity anomaly and
NCAR 5 day mean meridional and zonal wind stress. Strong
positive correlations were found between the meridional
wind stress and UK1 salinity adjacent to the East Greenland
coast between 72◦ N and 78◦ N (Fig. 10a). This region dis-
played a positive correlation for time lags ranging from 3
months to 6 months, with peak values of correlation coefﬁ-
cient at a lag of 4 1/2 months (r = 0.53, p < 0.01). Corre-
lations between zonal wind stress and UK1 salinity showed
weaker positive correlations peaking at the same time lag,
further south across a smaller region between 70◦ N and
73◦ N (Fig. 10b). The correlation map shows that following
a high southward wind stress off the east Greenland coast
between about 70◦ N and 80◦ N, a reduction in salinity at the
moorings occurs around 41/2 months later. This result is inde-
pendent of the OCCAM model and suggests that hypothesis
H3 may be true.
We assess the meteorological and oceanographic con-
ditions that lead to the correlation of wind stress with
the moored salinity by compositing the periods of positive
(northward) and negative (southward) wind stress anomaly at
section CD (marked on Fig. 10b), the location displaying the
highest correlation coefﬁcient with UK1 salinity (Fig. 5d).
To minimise any potential bias from seasonal cycles in either
the atmospheric or ocean data, two composite ﬁelds were
compiled, one composite of the three most positive wind
stress anomalies for each calendar month (marked red in
Fig. 5d) and one composite of the three most negative wind
stress anomalies for each calendar month (marked cyan in
Fig. 5d). This process results in composites of ﬁelds from
36 positive (i.e. three Januaries with high wind stress, three
Februaries, etc.) and 36 negative wind stress events, evenly
distributed through the year. Figure 11 illustrates the com-
posite atmospheric pressure anomalies and meridional wind
stress anomalies. During the negative wind stress anomalies
at section CD (Fig. 11a), the composite reveals a stronger
than normal southward wind, associated with low atmo-
spheric pressure in the middle of the Greenland Sea. During
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Fig. 10. Maps of the time-lagged correlation coefﬁcient (p <
0.01) between mooring UK1 salinity anomaly time series shown
in Fig. 5a, and NCAR 5 day mean meridional wind stress (a) and
zonal wind stress (b). Time lag is 41/2 months. Contours indi-
cate the 11-year mean of NCAR meridional and zonal wind stress
(10−3 kgm−1 s−2). Grey indicates no statistically signiﬁcant cor-
relation. CD, EF and GH are sections used to calculate the volume
and freshwater ﬂux of the EGC.
the positive wind stress anomalies (Fig. 11b), the compos-
ite reveals a weaker than normal southward wind, associ-
ated with high atmospheric pressure anomaly in the eastern
Greenland Sea.
It is possible that an increase in the frequency of Green-
land barrier wind events (Moore and Renfrew, 2005) may be
responsible for the general driving of fresh anomalies occur-
ring at Angmagssalik. Barrier wind events occur mainly in
winter, and are strong southward winds blowing along the
east coast of Greenland associated with the passage of in-
dividual low pressure systems (Moore and Renfrew, 2005).
North of the sill in Denmark Strait at 67.7◦ N 25.3◦ W these
events occur approximately once a week with a duration of
several hours (Harden et al., 2011). However, a study into the
frequency of barrier wind events in Denmark Strait between
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Fig. 11. Composite atmospheric sea level pressure anomalies (contours, in Pa) and meridional wind 
stress  anomalies  (coloured  shading)  for  negative  (a)  and  positive  (b)  wind  stress  anomalies  at  700	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Fig. 11. Composite atmospheric sea level pressure anomalies (con-
tours, in Pa) and meridional wind stress anomalies (coloured shad-
ing) for negative a and positive b wind stress anomalies at sec-
tion CD (see Fig. 10 for location). A negative anomaly denotes a
stronger southward wind and a positive anomaly denotes a weaker
southward wind.
1989 and 2009 (Harden et al., 2011) showed that 2004 was
an unremarkable year with respect to the number of observed
barrierwindevents. Moreover, barrierwindeventsarenotre-
solved in OCCAM, and Fig. 11 shows only a weak tendency
for the winds to blow along the coast south of Denmark
Strait. So the fact that the 2004 salinity anomaly appears
in OCCAM both at the sill and the moorings suggests that
an increase in the frequency of barrier wind events is not the
cause of the anomaly.
A wind-induced reduction in the salinity of the interme-
diate EGC waters (150m to 600m depth) feeding the over-
ﬂow could be caused by stronger mixing between these water
masses and the fresh overlying Polar Surface Water. An ele-
vated input of kinetic energy to the ocean surface from a high
wind stress intensiﬁes mixing at the surface and increases the
depth of the mixed layer. Wind-driven vertical turbulent dif-
fusion at the base of the mixed layer could then cause the
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Fig. 12. Difference in salinity (a), and velocity (b) across sec-
tion CD, between times of strong positive and strong negative wind
stress anomalies. Grey indicates no statistically signiﬁcant differ-
ence (p <0.01). (c) Sea-surface height across section CD during
times of strong positive, and strong negative wind stress anomalies.
Their difference is plotted in (d). The offset is due to the reduced
atmospheric pressure during times of strong negative wind stress
anomalies. The difference is statistically signiﬁcant (p <0.01). In
all panels seasonal effects have been removed, by compositing the
data on the 3 strongest positive and 3 strongest negative wind stress
anomalies in each calendar month for 1999 to 2004 (full description
in text).
transfer of surface mixed layer fresh anomalies into the un-
derlying halocline. These anomalies could then be advected
by the EGC from the region of formation to the moorings.
To further test H3 using OCCAM as a tool, salinity, cur-
rent velocity and sea surface height during times of positive
and negative wind stress anomalies were composited as de-
scribed above (Fig. 12). There is no statistically signiﬁcant
difference in the vertical salinity section at 75◦ N between
times of strong southward and strong northward wind stress
(Fig. 12a). This suggests that a wind-induced change in the
salinity of the EGC is probably not responsible for freshen-
ing the overﬂow.
Alternatively, a stronger southward wind stress could
cause a variation in the proportion of EGC water contribut-
ing to the overﬂow, by inﬂuencing the volume of EGC wa-
ter transported to the sill. The velocity composite (Fig. 12b)
shows a statistically signiﬁcant (p < 0.01) increase in the
southward velocity of the EGC of about 3cms−1, dur-
ing times of strong southward wind stress, compared with
times of weak southward wind stress. A stronger southward
wind stress increases Ekman transport towards the west,
causing water to pile up against the east Greenland coast.
The steeper sea surface slope (Fig. 12c and d) creates a
stronger seaward pressure gradient force (balanced by the
Coriolis force), causing an increase in the southward EGC
geostrophic velocity. The velocity increase is roughly uni-
form to a depth of about 600m (Fig. 12b).
Can the results of the compositing exercise then explain
the occurrence of the 2004 negative salinity anomaly at the
moorings? Clearly, a water mass fresh enough and of the cor-
rect density to feed the overﬂow would need to be present in
the EGC at 75◦ N, and remain relatively conserved en-route
to the sill. Arctic Atlantic Water (AAW), derived from the
modiﬁcation of Atlantic Water inﬂow to the Arctic, where
it becomes colder and fresher, joins the EGC through Fram
Strait and has the appropriate characteristics (27.70<σθ <
27.95, and salinity between 34.45 and 34.9) (Rudels et al.,
2002). One would expect a similar water mass to be present
in OCCAM. So to further test H3 using the model, we extract
salinity on surfaces of constant density from OCCAM 41/2
months before the appearance of the anomaly at the moor-
ings. Figure 13 shows the mean January 2004 27.7 isopycnal
intheNordicSeascolouredbyitssalinity. Thisclearlyshows
water of the correct density and salinity to cause the 2004
anomaly, present in the EGC along the entire east Greenland
coast 41/2 months before the anomaly occurs at the moorings.
It has been suggested that AAW is transported by a strongly
barotropic EGC, steered by topography, as a distinct outﬂow
from the Arctic through Fram Strait, ﬂowing directly to Den-
mark Strait (Mauritzen, 1996; Woodgate et al., 1999). Mau-
ritzen (1996) noted that negligible mixing occurs between
the AAW, and the adjacent RAW to the east, as the two water
masses ﬂow southward from Fram Strait, forming the west-
ern limb of the wind-driven Greenland Sea Gyre. Therefore,
with a suitable water mass and pathway identiﬁed, a feasible
mechanism could be that a stronger southward wind stress
at 75◦ N increases the southward velocity of the EGC, in-
creasing the volume ﬂux of relatively fresh AAW ﬂowing
directly to the sill. This water then mixes with the other
source waters immediately upstream of the sill, to form the
negative anomaly that is subsequently observed at the moor-
ings. A passive tracer experiment was performed to deter-
mine whether the timescale of water masses in the EGC to
travelfromlocationCDtothemooringsisconsistentwiththe
time lag of 41/2 months between wind and salinity anomalies
suggested by Fig. 10. Tracer was released instantaneously
at section CD on grid cells with σθ >27.6, representing the
density of water forming the anomaly at the sill. The re-
lease was on 20 December 2003, approximately 41/2 months
before the appearance of the May 2004 anomaly at the moor-
ings. Figure 14 shows that by 14 March 2004 the majority of
the tracer is advected southward in the EGC, and by 22 June
2004 it has been transported further south to around 69◦ N.
Here, a split occurs in the tracer pathway, with some tracer
advected southwestward into Denmark Strait in the EGC,
and some advected southeastward towards the Faroe Bank
Channel in the East Icelandic Current. By 9 November, the
tracer has reached the moorings at section AB, making the
total transit time from 75◦ N to the moorings approximately
10 months.
www.ocean-sci.net/7/821/2011/ Ocean Sci., 7, 821–834, 2011832 S. Hall et al.: Wind forcing of salinity anomalies in the Denmark Strait overﬂow
38	 ﾠ
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displaying the same salinity properties as Arctic Atlantic Water (34.45 – 34.9; Rudels et al., 2002) 
present along the east coast of Greenland. 
Fig. 13. The mean OCCAM January 2004 27.7 isopycnal coloured
by salinity, showing water displaying the same salinity properties
as Arctic Atlantic Water (34.45–34.9; Rudels et al., 2002) present
along the east coast of Greenland.
So, to complete the story, an explanation is required for
the 10 months taken for tracer released at 75◦ N to reach
the moorings, compared with the 41/2 month lag between
wind and salinity anomalies suggested by Fig. 10. Using
OCCAM to analyse the volume and freshwater ﬂuxes in the
EGC at 75◦ N (Fig. 10b, section CD), and further south at
72◦ N (Fig. 10b, section EF) and 69◦ N (Fig. 10b, section
GH), provides an answer for this. Figure 15a and b show that
the temporal variability of the vertically integrated freshwa-
ter and volume ﬂuxes, between depths of 150m and 600m in
the EGC at sections CD, EF and GH, is in phase at all three
locations. This means that the EGC is displaying the same
response to the meridional wind stress throughout most of its
pathway between Fram Strait and Denmark Strait. In addi-
tion, an increase in the volume and freshwater ﬂux at all 3
sections occurs around 41/2 months before the UK1 anomaly
(Fig. 15c). So the time lag of 41/2 months that produced
the maximum correlation between the meridional wind stress
and UK1 salinity at 75◦ N (Fig. 10a) actually represents a lag
of 41/2 months between a strengthening of the EGC and the
appearance of the anomaly at the moorings. Consequently,
for the results of the tracer experiment to support the pro-
posed mechanism, there must be a transit time of 41/2 months
for tracer to travel to the moorings from the point where the
EGC splits from the Greenland Sea Gyre. Figure 14 reveals
that this is indeed the case, showing tracer separating from
the gyre as a distinct southwestward ﬂow at about 69◦ N, on
22 June 2004, and arriving at the moorings on 9 November
2004, a time period of approximately 41/2 months. Hence we
argue that hypothesis H3 can be accepted.
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Fig. 14. Time-evolution of passive tracer, instantaneously released on 20
th December 2003 across 
section  CD.  Tracer  was  initialised  on  grid  cells  with  σθ >   27.6.  Colour  bar  indicates  vertically  720	 ﾠ
integrated tracer concentration in arbitrary units. 
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Fig. 14. Time-evolution of passive tracer, instantaneously released
on 20 December 2003 across section CD. Tracer was initialised on
grid cells with σθ >27.6. Colour bar indicates vertically integrated
tracer concentration in arbitrary units.
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Fig. 15. Time series of freshwater flux (a) and volume flux (b), across sections CD, EF and GH 
shown in Fig. 10b. Freshwater flux has been calculated relative to a reference salinity of 35.2.  725	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Freshwater flux and volume flux have been integrated between depths of 150 m and 600 m, to 
correspond  with  the  depth  of  the  Intermediate  EGC  water  feeding  the  overflow.  UK1  salinity 
anomaly time series is shown in (c). 
 
Fig. 15. Time series of freshwater ﬂux (a) and volume ﬂux (b),
across sections CD, EF and GH shown in Fig. 10b. Freshwater ﬂux
has been calculated relative to a reference salinity of 35.2. Fresh-
water ﬂux and volume ﬂux have been integrated between depths of
150m and 600m, to correspond with the depth of the Intermediate
EGC water feeding the overﬂow. UK1 salinity anomaly time series
is shown in (c).
7 Summary
Based on the results of Sect. 6, we propose a simple
mechanism responsible for causing salinity anomalies in
the Angmagssalik overﬂow plume (Fig. 16). An increased
southward wind stress parallel to the east Greenland coast
strengthens the whole EGC north of Denmark Strait. The
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Fig. 16. The suggested mechanism controlling salinity anomalies at the Angmagssalik moorings 
(section AB). 1. Southward wind stress increases. 2. Increase in volume flux of fresh intermediate 
EGC water arriving at the sill. 3. Freshening of Denmark Strait Overflow Water. Total time for 
whole process is 4½ months. 
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Fig. 16. The suggested mechanism controlling salinity anomalies
at the Angmagssalik moorings (Section AB). 1. Southward wind
stress increases. 2. Increase in volume ﬂux of fresh intermediate
EGC water arriving at the sill. 3. Freshening of Denmark Strait
Overﬂow Water. Total time for whole process is 41/2 months.
volume ﬂux of fresh intermediate EGC water arriving at the
sill is subsequently increased, resulting in a freshening of
DSOW at the Angmagssalik moorings 41/2 months later.
OurresultsshowthatDSOWsalinityanomaliesarecaused
by changes in the proportions of source waters feeding the
overﬂow, rather than changes in the salinity of the source
waters. This is consistent with other research (Rudels et al.,
2002, 2003; Holfort and Albrecht, 2007). However, in con-
trast to Rudels et al. (2003), we do not ﬁnd evidence to sup-
port a complete switch between source regions (EGC or the
Iceland Sea) causing changes in DSOW properties. While
this suggests that the EGC is a permanent source for DSOW,
the variability of which is crucial in modifying the properties
of DSOW, we have no evidence to eliminate the Iceland Sea
as another permanent source. Our study also supports the
proposed mechanism by Holfort and Albrecht (2007), who
argue that stronger southward winds result in more northern,
low saline water ﬂowing towards Denmark Strait. However
we show that it is the action of the wind over a wide area of
the Nordic Seas controlling the strength of the EGC, rather
than the variability in the wind stress local to Denmark Strait,
that modiﬁes the salinity of the deep overﬂow. These results
are signiﬁcant because they highlight the importance of the
EGC in modifying the salinity of DSOW. The freshening of
DSOW and the associated reduction in density of NADW,
could lead to a weakening of the meridional overturning cir-
culation. It is therefore important that climate models used to
predict the response of the global thermohaline circulation to
anthropogenic climate forcing represent or parameterise the
structure and variability of the EGC and the Denmark Strait
overﬂow plume, and their response to regional atmospheric
forcing. Poor representation of the EGC and the Denmark
Strait overﬂow in climate models may result in the larger
scale impact of salinity variability on the thermohaline cir-
culation being incorrect, and future changes in climate may
not be accurately predicted.
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